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ABSTRACT: A selective solvent induced surface reconstruction of thin films of an asymmetric diblock
copolymer of poly(styrene-b-methyl methacrylate) was investigated by grazing incidence small-angle X-ray
scattering, X-ray reflectivity, and atomic force microscopy. It is quantitatively shown that the selective
swelling of the minor component results in the formation of a nanoporous film where the initial hexagonal
array of the copolymer is preserved without affecting the lattice constant, 40.7 nm. However, the film
thickness increased by ∼17%, and the average electron density decreased by ∼20%. The electron density
profiles obtained by fitting the X-ray reflectivity indicate that the pores penetrate through the entire
film and that the pores are oriented normal to the surface.

Introduction

Block copolymers offer simple routes for the rapid
fabrication of arrays of nanoscale structures over large
surface areas.1-8 By balancing the interfacial interac-
tions, the copolymer microdomains can be oriented
normal to the surface.2,5,6,9-13 Previous studies have
shown that poly(styrene-b-methyl methacrylate) (P(S-
b-MMA)) thin films can be prepared with the cylindrical
microdomains oriented normal to the surface. Selec-
tively removing the minor (PMMA) component along
with cross-linking the PS matrix by deep UV exposure
and solvent rinsing produces a nanoporous film.14

Recently, selective solvent swelling was reported as a
simpler alternate route to the same end.15,16 Here the
PMMA block was drawn to the surface by immersing
the films in acetic acid, a selective solvent for PMMA.
Upon drying, the PMMA was trapped at the surface,
thereby generating the nanoporous films. This process
is fully reversible, where, upon heating the film above
the glass transition temperature, the original array of
cylindrical domains oriented normal to the surface is
recovered. These initial observations were based on
electron microscopy and atomic force microscopy experi-
ments, and a quantitative measure of the depth and
shapes of the pores was not possible.

High-resolution X-ray scattering measurements, how-
ever, provides sufficient spatial resolution, and sensitiv-
ity to the internal structure, so that a detailed descrip-
tion of the surface reconstruction process can be obtained.
Specifically, grazing incidence small-angle X-ray scat-
tering (GISAXS) provides information on the lateral and
internal ordering of the copolymer film before and after
the solvent induced reconstruction. X-ray reflectivity,

on the other hand, provides a measure of the average
file properties, including the total thickness and the
average electron density. The combined results indicate
that the pores span the entire film thickness and that
the lateral spacing of the pore was not affected by the
solvent swelling.

Experimental Section

Asymmetric diblock copolymers of polystyrene and poly-
(methyl methacrylate) (P(S-b-MMA)) with an average molec-
ular weight of 69 000 and polydispersity of 1.04 with a PMMA
volume fraction of 0.29 were synthesized anionically. Silicon
substrates with balanced interfacial interactions to polystyrene
(PS) and poly(methyl methacrylate) (PMMA) were prepared
by anchoring a random copolymer of styrene and methyl
methacrylate (58% PS) to the native silicon oxide layer as
described before.9,17 A film of poly(styrene-block-methyl meth-
acrylate) (P(S-b-MMA)) with a thickness near the repeat period
was spin-coated onto the substrates and annealed at 170 °C
under vacuum for 40 h. Half of the film was subjected to the
acetic acid (20 min) and deionized water rinses (20 min).
Tapping mode AFM was performed with a Dimension 3100,
Nanoscope III from Digital Instruments Corp. Grazing incident
small-angle X-ray scattering (GISAXS) was performed on the
beamline X22B at NSLS, Brookhaven National Laboratory,
using X-rays with a wavelength of 1.567 Å. The exposure time
was 20 s per frame. The transverse and longitudinal coherence
lengths are ∼1-2 µm. X-ray reflectivity was performed using
X-rays with a wavelength of 1.15 Å at beamline X22A at NSLS.
Using the dynamical theory, the matrix method was used to
analyze the reflectivity data.

Results and Discussion

For thin films with small numbers of scattering
centers in the scattering volume, grazing incident small-
angle X-ray scattering (GISAXS), especially with the use
of high-intensity synchrotron radiation source, is a
powerful technique to study the lateral ordering.18-24

GISAXS has several advantages over conventional
transmission scattering, including (i) the absorption of
X-rays by the substrate is irrelevant, (ii) the surface
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scattering geometry enables studies on ultrathin films,
and (iii) the large area of illumination provides informa-
tion averaging over the length of the sample. The X-ray
beam impinges at a grazing angle onto the sample
slightly above the critical angle, so that the film is still
fully penetrated by the X-rays. The intensity in the
scattering plane is determined by the specular and off-
specular reflectivity that contains information on the
laterally averaged density profile normal to the sub-
strate. Defining the incident angle as Ri, the exit angle
as Rf (parallel to the surface), and out-of-plane angles
as ψ (normal to the surface), with the sample surface
as the (x, y) plane and the incidence beam along the
x-axis, a scattering vector qj(qx,qy,qz) is calculated using
qx ) (2π/λ)(cos(ψ) cos(Rf) - cos(Ri)), qy ) (2π/λ) sin(ψ)
cos(Rf), and qz ) (2π/λ)(sin(Rf) + sin(Ri)). Since the
incident angle Ri is very small, the GISAXS signal
mainly depends on the in-plane vector component qy
that is related to the lateral ordering in the sample and
the out-of-plane vector component qz that is related to
the ordering in the depth direction.

In Figure 1a we show the GISAXS pattern for the
initially prepared (prior to swelling) P(S-b-MMA) film

at a grazing incidence angle R ≈ 0.2°. The pattern shows
two features at qy ) 0.178 nm-1, which are diffuse along
qz. These peaks come from the hexagonal lateral packing
of the cylindrical microdomains with an orientation
normal to the surface. In Figure 1b, the corresponding
AFM height and phase images of the film are shown.
These images show hexagonally packed PMMA cylin-
drical microdomains oriented normal to the surface with
surface roughness ∼0.4 nm. The GISAXS pattern and
height and phase AFM images of a film after dipping
in acetic acid and rinsing with deionized water are
shown in Figure 2. The AFM images show a hexagonally
packed array of nanopores in the film with surface
roughness ∼1.2 nm. The GISAXS pattern after acetic
acid rinsing is dramatically different from that of the
initial film. A comparison of Figure 2a and Figure 1a
shows a pronounced enhancement of the intensity and
higher order features after rinsing.

Intensity profiles of the GISAXS patterns along qy and
qz, i.e., parallel and perpendicular to the surface of the
film, from the data in Figure 1a and Figure 2a, are
shown in Figure 3. Scans along qy (Figure 3a) show
peaks characteristic of the in-plane periodicity of the

Figure 1. (a) Grazing incidence small-angle X-ray scattering patterns of the P(S-b-MMA) film on a silicon substrate modified
with random copolymer after annealing at 170 °C under vacuum for 40 h and (b) atomic force microscopy height (left) and phase
(right) images (1 × 1 µm2) of the film.
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films. Prior to swelling, only the first order is seen at
0.178 nm-1. After swelling, three peaks, located at
0.178, 0.306, and 0.36 nm-1, are observed. The positions
of the peaks are consistent with a hexagonally packed
array of cylinders normal to the surface with a center-
to-center distance of 40.7 nm. It should also be noted
that the positions of first-order reflection for the initial
film and the nanoporous film are the same. Con-
sequently, the lateral packing of the cylinders is invari-
ant.

The absolute scatting cross section per unit volume,
dΣ/dΩ, for a two-phase system is given by the product
of a contrast factor K and an interference function S(q),
where S(q) is dictated by the shape and spatial arrange-
ment of the phases. The contrast factor K is proportional
to ∆Fe

2, which is the square of the electron density
difference between the two phases. In Figure 1a, one
weak reflection along qy is evident with no higher order
reflections observable. The relatively low scattering
intensity arises from the small ∆Fe

2 between the PMMA
and PS domains. With the formation of pores, a marked
change in the X-ray contrast occurs. The relative
contrast increase can be approximated as (Fps/(Fpmma -

Fps)), which corresponds to a dramatic increasing in the
intensity. This is consistent with the data in Figure 3.

The qz scan shown in Figure 3b is measured along
the first diffuse rod (qy ) 0.178 nm-1) and shows
oscillations with a period close to 0.185 nm-1, corre-
sponding to a thickness of ∼34 nm. (This thickness is
related to the fringes appearing in the modulus square
of the Fourier transform of the electron density of the
pores along the z direction.) The qz scan provides a
measurement of density distribution along the z direc-
tion. The observation of fringes out to 1.5 nm-1 suggests
that the termination of the pores is sharp, on the
nanometer length scale. Within the context of a model
of uniform pore shape, independent of depth, the 33.8
nm thickness corresponds to the depths of the pores.

Since the electron density of air is zero, the electron
density profile normal to the surface, as measured by
X-ray reflectivity, corresponds to the shape of the pores
and can be used to determine whether the pores
penetrate through the entire film. In Figure 4 we show
two potential models of the pores: in (a), the pores
extend through the entire thickness of the film, whereas
in (b), the pores only extend partially through the film.

Figure 2. (a) Grazing incidence small-angle X-ray scattering patterns of the P(S-b-MMA) film on a silicon substrate modified
with random copolymer after annealing at 170 °C under vacuum for 40 h and then rinsed in acetic acid and (b) atomic force
microscopy height (left) and phase (right) images (1 × 1 µm2) of the film after dipping with acetic acid.
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On the basis of the data presented below, we have
ascertained that (a) describes the present data. In
Figure 5, the measured reflectivity of the P(S-b-MMA)
thin films (a) before swelling and (b) after swelling is
shown as circles. Detailed information is obtained by
fits of the calculated reflectivity using model electron
density profiles. The solid lines are the best fits to the
experimental data where the electron density profile

obtained from the fits is shown in the inset. There is
excellent agreement between the data and the fits over
the entire scattering vector range.

The electron density profile of the film before swelling
(inset of Figure 5a) indicates that the film consists of
two layers: a random copolymer brush adjacent to the
substrate and a uniform layer. The electron density
difference between these two layers is quite small, and
only the Kiessig fringes, characteristic of the total film
thickness, are evident. After swelling and drying, the
film is still composed of two layers. One is the ∼7 nm
random copolymer brush layer, and the second is the
nanoporous film. Now, however, two frequencies are
seen in the fringes of the reflectivity profile in Figure
5b. The high-frequency fringe corresponds to the total
film thickness, and low-frequency one corresponds to the
random copolymer brushes layer. The difference in the
reflectivity profiles arises from the large decrease in the
average electron density of the copolymer film due to
the formation of pores and the generation of sufficient
electron density contrast between the random copolymer
brush and the porous film. The constant electron density
of the porous film layer indicates that the pores fully
penetrate the film. Thus, the schematic drawing in
Figure 4a illustrates the generation of the nanoporous
film by selective solvent swelling.

Since the electron density of the random copolymer
brush layer is the same before and after swelling, this
indicates that the acetic acid did not deteriorate the
random brush. This is consistent with the reversibility
of the swelling process. By heating the porous film, a
film with an array of hexagonally packed PMMA
cylinders oriented normal to the surface is regenerated.
On the basis of the electron density profile, the thick-
ness of the random copolymer brushes layer increases
by ∼1 nm, indicating a diffusion of the PMMA block

Figure 3. Scans of the GISAXS patterns in Figures 1a and
2a along (a) qy direction at qz ) 0.33 nm-1 and (b) qz direction
at qy ) 0.18 nm-1.

Figure 4. Schematic diagram of a porous block copolymer film with different pore penetration depth and corresponding electron
density (b/V) profiles.
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down into the brush layer. Since the random copolymer
brush is soluble in acetic acid, the PMMA block of
the copolymer can diffuse to substrate. This diffusion
process is similar to the relocation of the PMMA
block to the air/polymer interface and explains the
origin of the formation of pores all the way through the
film.

By comparing the reflectivity profiles before and after
swelling, several changes are seen. First, the critical
wave vector of the diblock copolymer film decreases from
0.22 to 0.196 nm-1 which translates into a decrease in
the electron density from 344 to 273 e/nm3. The forma-
tion of pores in the cylindrical microdomains accounts
for the 20% reduction in the electron density. Second,
the overall reflectivity decreases after swelling due
the increase in the film roughness from 0.8 to 1.2 nm.
Again, the formation of the pores increases the sur-
face roughness as shown in the AFM height image in
Figure 2b. Third, the frequency change of the fringes
shows that after swelling the polymer film thick-
ness increases from 30.4 to 34.8 nm, which can be
explained by the reconstruction of the film, where
the PMMA block is drawn to the surface, thereby
increasing the film thickness, decreasing the electron
density, and increasing the roughness. This value is in
excellent agreement with the 33.8 nm thickness ob-
tained from the qz scan obtained from the GISAXS
pattern. This conclusively shows that the depth of the
holes is the same as the thickness of the diblock
copolymer film.

Conclusion
In conclusion, grazing angle small-angle X-ray scat-

tering and X-ray reflectivity were used to study a
reconstruction in block copolymer films. A selective
solvent induced reconstruction is shown where the
minor component block is drawn to the surface of the
film and upon drying generates a nanoporous film.
GISAXS confirmed that the 40.7 nm lateral repeat
period remained during the reconstruction. The electron
density profiles derived from model calculation of the
X-ray reflectivity profiles before and after swelling
indicate the formation of pores that span the entire film
while retaining the original lattice of the copolymer.
Such a reconstruction represents a significant simpli-
fication of current methods to produce nanoporous films
and demonstrates the power X-ray scattering methods
offer for the quantitative characterization of such films.
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